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Neurite outgrowth is a central aspect of the ontogenetic forma-
tion of neural networks and is regulated by distinct groups of
cell surface molecules. One protein involved in neurite elonga-
tion and fasciculation is the neural Ig superfamily member
F11/contactin. We have shown previously that F11 promotes
neurite extension of chick tectal neurons by interaction with the
tectal receptor NrCAM, a member of the L1 subgroup of the Ig
superfamily. By contrast, it does not induce outgrowth of retinal
neurons despite the fact that these cells also express NrCAM,
suggesting that in retinal cells the F11–NrCAM interaction alone
is not sufficient to induce neurite extension. In this report we
present a novel image analysis procedure to quantify neurite
outgrowth and use it to demonstrate that F11 enhances the
fibronectin-induced outgrowth response of embryonic retinal
neurons. We reveal that NrCAM is the neuronal receptor medi-
ating the enhanced outgrowth of retinal neurons, whereas the
related F11-binding molecule NgCAM is not involved. Further-
more, we provide evidence that a b1-integrin may represent the
fibronectin-dependent receptor that cooperates indirectly with
the F11–NrCAM pathway. Our results support the concept of a
combinatorial labeling of cells in nervous system histogenesis
by different classes of cell surface proteins, in particular by
integrins and molecules of the Ig superfamily.
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Outgrowth of neurites in nervous system ontogenesis can be
divided into at least two aspects, pathfinding of elongating axons
on their way to their target regions and formation of the dendritic
tree that is typical for a particular neuron. In the last decade
several classes of ligands and receptors have been described to
regulate neurite outgrowth and axon guidance (Dodd and Schu-
chardt, 1995; Keynes and Cook, 1995; Goodman, 1996). On the
one hand, the ligands have been categorized, on the basis of their
mode of action, in long- and short-range cues, which may have
repulsive or attractive effects (Culotti and Kolodkin, 1996;
Tessier-Lavigne and Goodman, 1996; Wadsworth and Hedge-
cock, 1996). On the other hand, receptors known so far have been
grouped according to structural properties in integrins, cadherins,
members of the Ig superfamily (IgSF), receptor protein tyrosine
kinases, and phosphatases (Reichardt and Tomaselli, 1991; Bixby,
1992; Sonderegger and Rathjen, 1992; Doherty and Walsh, 1994;
Schachner and Martini, 1995; Bru¨mmendorf and Rathjen, 1996;
Chien, 1996; Friedman and O’Leary, 1996; Hall et al., 1996;
Mu¨ller et al., 1996; Stoker, 1996). Because the number of specific
cellular interactions that have to be coordinated in the period of
neurite outgrowth is likely to exceed the coding capacity of the
genome, it is reasonable to assume that cell surfaces in the
nervous system are labeled on the basis of combinatorial princi-
ples. To investigate a putative cooperativity of distinct receptor–
ligand pairs in the regulation of neurite outgrowth, we have
chosen chick retinal neurons as a model system and have focused
on their integrin- and IgSF-mediated neurite outgrowth response
in the present study.
Retinal neurons of embryonic day 6 (E6) are well suited to
studying the interplay between integrin- and IgSF-mediated neu-
rite outgrowth for two reasons. First, these neurons simulta-
neously express molecules of both protein classes on their surface
during the period of neurite outgrowth. For instance, identified
integrin subunits in embryonic chick retina include a1 , a2 , a4 , a6 ,
a8 , av , b1 , b3 , b5 , and b8 (Bossy et al., 1991; de Curtis et al., 1991;
Neugebauer et al., 1991; Duband et al., 1992; Reichardt et al.,
1992; de Curtis and Reichardt, 1993; Cann et al., 1996; Gervin et
al., 1996). Additionally, a large set of IgSF members is also
expressed on these neurons, including NCAM, NrCAM, L1/
NgCAM, neurofascin, F11/contactin, axonin-1, Thy-1, and DM-
GRASP (for review, see Bru¨mmendorf and Rathjen, 1995). Sec-
ond, these neurons were shown to actually use these receptors to
extend neurites in vitro. For example, the retinal integrin a6b1 is
involved in laminin-stimulated neurite extension (de Curtis et al.,
1991), and retinal IgSF members promote outgrowth by ho-
mophilic binding or by heterophilic interactions with other IgSF
members (for review, see Bru¨mmendorf and Rathjen, 1995,
1996).
The F11 molecule, also referred to as F3 (Buttiglione et al.,
1996) or contactin (Peles et al., 1997), is a member of a growing
subgroup of neural glycosyl-phosphatidylinositol (GPI)-linked
molecules that most likely arose from a common ancestor by gene
duplication events (Plagge and Bru¨mmendorf, 1997). The mole-
cule has been shown to be involved in the induction of chick tectal
neurite outgrowth by interaction with NrCAM, a member of the
L1 subgroup of the IgSF (Morales et al., 1993; Volkmer et al.,
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1996; Sakurai et al., 1997). However, in contrast to tectal neurons,
embryonic retinal neurons do not respond to F11 despite the fact
that they express the NrCAM receptor (see below). This sug-
gested to us that there may be additional outgrowth-mediating
receptors on the retinal neurons, for instance, integrins, which are
not stimulated if F11 alone is offered as a substrate. To investigate
a potential co-stimulation of F11-binding partners and integrins
on retinal neurons, we cultured retinal cells on mixtures of F11
with fibronectin (FN). This extracellular matrix (ECM) molecule
promotes outgrowth of retinal neurons in vitro (Akers et al., 1981;
Thompson and Pelto, 1982; Leifer et al., 1984), most likely by
triggering retinal integrins. Therefore, we used FN as a model
integrin ligand in the present study, because it binds to a large set
of different integrins, among them a2b1 , a3b1 , a4b1 , a4b7 , a5b1 ,
a7b1 , a8b1 , avb1 , avb3 , avb5 , avb6 , and aIIbb3 (for review, see
Haas and Plow, 1994; Mu¨ller et al., 1995, and references therein),
which raises the chances of detecting integrin-dependent co-
stimulation of retinal neurite outgrowth. In the present study, we
describe a functional cooperativity between the NrCAM pathway
and a b1-integrin with respect to neurite outgrowth induction.
MATERIALS AND METHODS
Antibodies. The preparation and specificity of antibodies directed to F11,
NCAM, NgCAM, and NrCAM have been described (Rathjen et al.,
1987; Wolff et al., 1987; de la Rosa et al., 1990; Pollerberg and Beck
Sickinger, 1993; Volkmer et al., 1996). Fab fragments of antibodies were
prepared using agarose-coupled papain (Pierce, Rockford, IL) followed
by retention of Fc fragments and residual whole antibody on a protein
A-Sepharose column (Pharmacia, Freiburg, Germany). Hybridomas pro-
ducing JG22 were obtained from the Developmental Studies Hybridoma
Bank (Johns Hopkins University School of Medicine, Baltimore, MD).
To control whether the NgCAM antibodies (which had no effect in our
assay) are functional under the conditions used, tectal cells were seeded
on an NgCAM substrate (isolated as outlined previously; Rathjen et al.,
1987), which promotes neurite outgrowth of tectal cells (Bru¨mmendorf et
al., 1993). Inhibition of neurite extension on this substrate confirmed that
the NgCAM antibodies are functional (data not shown).
Recombinant soluble F11. Because we intended to evaluate hexahisti-
dine tagging as a means of isolating native, soluble recombinant protein
from tissue culture supernatants, we inserted a DNA sequence encoding
this tag after the leader sequence of F11. To this end, the DNA sequence
corresponding to mature F11 (Thr22–Ala988) was amplified by PCR on
the plasmid pSG5/F11 (Bru¨mmendorf et al., 1993) using the primers
59-gtg gcg agc tct acc cat ttt tca gag gaa gga-39 and 59-agt cga agc tta agc
agt ggc acc tga aat-39. PCR was performed as described (Spaltmann and
Bru¨mmendorf, 1996); however, the annealing temperature and extension
time were adjusted to the requirements of this experiment, 65° and 3 min,
respectively. In this PCR, restriction enzyme cleavage sites for SacI and
HindIII were added and were used to subclone the product into the
plasmid pQE31 (Qiagen, Hilden, Germany), which provides the hexahis-
tidine tag. In a second PCR, the DNA sequence corresponding to
histidine-tagged F11 was amplified on this plasmid using the primers
59-gag aaa tta cgc gtt cta gaa tct cac cat cac cat-39 and 59-ctg gat tga tca
aca gga gtc caa gct cag cta-39 and was subcloned, making use of the
restriction enzyme cleavage sites MluI and BclI, into the MluI- and
BamHI-digested plasmid pSG5/FN (Bru¨mmendorf et al., 1993). The
hexahistidine-tagged F11 molecule is referred to as cHisF11 in this study.
Sequencing of the F11 coding region of the plasmid with an automated
laser fluorescent DNA sequencer (Pharmacia, Uppsala, Sweden) did not
reveal PCR-caused sequence deviations.
The plasmid was used to transfect COS cells transiently by the DEAE-
dextran method as outlined previously (Bru¨mmendorf et al., 1996).
Under conditions not disrupting the tertiary structure of the molecule,
however, we did not succeed in isolating pure preparations of cHisF11 by
chelate affinity chromatography using its histidine tag. Recombinant F11
was therefore isolated by immunoaffinity chromatography using a mono-
clonal antibody essentially as outlined (Rathjen et al., 1987) but with an
additional high-salt washing step with PBS containing 1.2 M NaCl. A
typical transfection experiment in 16 dishes of 140 cm 2 yielded ;50 mg
of F11, as estimated in SDS-PAGE followed by silver staining (per-
formed as described by Rathjen et al., 1987). The protein proved to be
functional in the attachment and outgrowth assay with tectal cells re-
ported previously (Morales et al., 1993).
Neurite outgrowth assay. To prepare fibronectin substrates, a solution
containing 20 mg/ml fibronectin (Dianova, Hamburg, Germany) in PBS
was spotted as 3 ml spots on Petriperm dishes (20 cm 2; Heraeus, Os-
terode, Germany) and incubated for 3 hr in a humidified atmosphere at
37°C. To generate a fibronectin–F11 substrate, fibronectin (20 mg/ml)
and F11 (4 mg/ml, recombinant or isolated from adult chick brain as
described; Rathjen et al., 1987) were mixed before coating. With respect
to neurite outgrowth essentially the same effect was observed up to 50
mg/ml of both proteins in the mixture, suggesting that the concentrations
chosen are saturating. If coated alone, F11 did not promote outgrowth of
retinal cells in this range of concentrations but supported cell adhesion at
.4 mg/ml. As a negative control protein, the Fc fragment of chick IgY (4
mg/ml, Dianova) was used, because it is very similar to F11 in biochem-
ical terms (Warr et al., 1995). Coating efficiencies of FN in the presence
of F11 or IgY were monitored by indirect immunofluorescence analysis
with polyclonal antibodies specific for human fibronectin (Sigma,
Deisenhofen, Germany), followed by quantification with a digital image
analysis system. The amount of FN bound to the substrate was not found
to be significantly influenced by the presence of F11 or IgY in the protein
mixtures. After coating, each spot was washed separately with 5 ml of
PBS, followed by a final wash of the whole dish with 5 ml of PBS. Before
plating of neurons, the dishes were blocked for at least 1 hr at 37°C with
serum-free N2 neuronal cell culture medium (Bottenstein and Sato,
1979) containing 1 mg/ml essentially fatty acid-free BSA (Sigma).
To isolate retinal cells, retinas were dissected from E6 chick embryos
in HBSS without Ca 21 and Mg 21 and incubated for 15 min at 37°C with
0.05% trypsin in PBS and 0.02% EDTA (Boehringer Mannheim, Mann-
heim, Germany). After aspiration of the trypsin solution, cells were
dissociated by trituration in PBS containing 1 mg/ml soybean trypsin
inhibitor (Sigma), 1 mg/ml DNase (Worthington, Freehold, NJ) and 3
mg/ml BSA (Sigma). The cells were pelleted and carefully resuspended
in serum-free N2 culture medium with 0.5–1.5 3 10 5 cells/ml, followed by
seeding 0.5–4.5 3 10 5 cells in a protein-coated Petriperm dish. The
dishes were incubated at 37°C in an atmosphere of 5% CO2 for 20 hr. In
contrast to tectal cells, which extend neurites if grown on a pure F11
substrate in serum-free N2 medium or DMEM with 10% FCS, retinal
cells do not in either medium (our unpublished observations).
For antibody perturbation or peptide inhibition experiments, spots
were prepared, and cells were seeded as described. After attachment of
the cells (2 hr at 37°C), medium was aspirated, and the region between
spots was dried with wicks. The medium was replaced with 100 ml of fresh
medium containing antibodies or the GRGDSP peptide (Nova-Biochem,
Bad Soden, Germany). Polyclonal rabbit antibodies directed to F11,
NgCAM, or NrCAM or their Fab fragments were used at 200 mg/ml.
JG22 hybridoma culture supernatant was dialyzed against PBS and
diluted 1:10 in N2 culture medium. This resulted in a functionally
saturating (with respect to retinal ganglion cell binding to FN) concen-
tration of the monoclonal antibody (mAb), as determined by serial
dilution experiments (data not shown). The peptide GRGDSP was used
with 200 mg/ml, a functionally saturating concentration if retinal cell
binding to FN is examined.
Immunofluorescence analysis of retinal ganglion cell cultures. Cultures
were fixed in PBS containing Ca 21 and Mg 21 (PBSCM) and 4% form-
aldehyde for 1 hr at room temperature. After three washes with PBSCM
containing 0.02% BSA, cultures were processed for immunofluorescence
analysis. Cell bodies and neurites were detected by incubating for at least
1 hr with NCAM-specific antibodies, followed by Cy3-conjugated sec-
ondary antibodies from goat (Dianova). To reveal cellular nuclei, the
DNA-staining reagent bisbenzimide (H33258, Boehringer Mannheim)
was added to the secondary antibodies at a final concentration of 50
ng/ml. Alternatively, to ensure that effects measured on neurite growth
were attributable to increased growth of axons originating from retinal
ganglion cells, polyclonal antibodies specific for NgCAM, a marker
predominantly expressed on retinal ganglion cell axons at stage E6 (de la
Rosa et al., 1990; Rager et al., 1996), were used instead of the NCAM
antibodies.
Quantification of neurite growth by dig ital image analysis. To determine
parameters reflecting neurite outgrowth, images of neurons and their
nuclei were captured at the appropriate wavelength by an intensified
CCD camera (Proxitronic, Bensheim, Germany) attached to a fluores-
cence microscope (Axiophot; Zeiss, Oberkochen, Germany). Spectral
overlap of the images was not observed. Images with a resolution of
512 3 512 pixels were processed with an image analysis card [Machine
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Vision System IV120(C); AIT Go¨hner, Stuttgart, Germany] on a stan-
dard personal computer. With the help of the JL Genias image analysis
software (AIT Go¨hner) an algorithm was developed that was suited to
evaluating automatically the number of attached cells, the number of
putative neurites, and their individual length (see Results and Fig. 1).
Raw data generated by JL Genias were processed with a spreadsheet
program (Excel; Microsoft, Unterschleißheim, Germany) and evaluated
statistically using the Mann–Whitney U test implemented in the SPSS
(Chicago, IL) package. The final layout of figures was created with
graphics programs (Freehand; Altsys Inc., Richardson, TX; and Photo-
shop; Adobe Systems, Mountain View, CA).
RESULTS
Quantification of neurite outgrowth in vitro by an
automatic image analysis procedure
The study of potential synergistic or cooperative effects between
different adhesion receptor—ligand pairs with respect to neurite
outgrowth requires the quantification of process outgrowth of a
large number of neurons. To this end we developed an automatic
digital image analysis algorithm, which is suited to evaluation of
several hundreds of neurons for each experimental condition by a
standardized procedure. This enabled us to measure parameters
reflecting neurite outgrowth without any manual processing of
the micrographs to be compared with each other. Two different
parameters have been chosen to quantify neurite outgrowth in
this study, namely, the number of neurites observed and their
average length.
Retinal cells were grown in a tissue culture system in vitro on
different substrates composed of the proteins to be analyzed.
After incubation for 20 hr, the cultures were fixed, and the
neurons were detected by immunofluorescence analysis with
NCAM-specific antibodies (Fig. 1a). The nuclei of the cells were
simultaneously stained with bisbenzimide, a reagent intercalating
in DNA (Fig. 1d). Two digitized images representing the neurons
and their nuclei, respectively, were then captured separately by a
CCD camera. The images were processed automatically to esti-
mate the number of attached cells, the number of neurites, and
their average length (Fig. 1).
To examine the performance of this automatic procedure, we
Figure 1. Digital image analysis procedure to evaluate neurite outgrowth
in vitro. Retinal cells were seeded on a substratum composed of a mixture
of FN and F11. After cultivation for 20 hr, cell bodies and processes were
detected by immunofluorescence analysis using antibodies directed to
NCAM (a), and cellular nuclei were identified by bisbenzimide staining
4
of DNA (d). To discriminate neurites from cell bodies, both fields were
processed as follows. The field showing cells and neurites (a) was pro-
cessed by applying a staining intensity threshold and size exclusion
criteria to distinguish the significant structures representing neurons from
background and from small artifactual signals of subcellular size (b, blue
objects). These structures were then eroded to a skeleton of a single-pixel
width (c). The field comprising cellular nuclei ( d) was also processed by
applying a staining intensity threshold and size exclusion criteria to label
cellular nuclei (e, green objects). These were used to estimate the number
of attached cells by dividing the total area representing cell nuclei by the
average area covered by a single nucleus. Because we are interested in
quantifying primarily the long neurites with a length of more than two
cell diameters, all structures within this distance of every cell nucleus had
to be excluded from the analysis. To this end, every object that represents
a cell nucleus was enlarged correspondingly ( f ). A comparison of the
resulting image with the image representing putative neurites (c) allows
the identification of long neurites and fragments thereof, because they do
not overlap with the enlarged nuclei (g). To enhance the stringency of the
procedure further, objects below a defined length threshold were dis-
carded. The remaining objects (h) were counted, and their individual
lengths were measured automatically. The values obtained were normal-
ized with respect to the cell number to correct for intra-assay variations in
the number of attached cells. In this procedure we did not attempt to
measure the real number of neurites in the observed field or their real
length, but we were merely interested in parameters that reflect the
outgrowth and can be used to quantify the response of a large number of
neurons. Scale bar, 50 mm.
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compared it with a manual method that we had used earlier to
measure neurite lengths of tectal neurons. In our previous studies,
we had shown that immobilized F11 or NgCAM promotes neurite
outgrowth of tectal neurons and that NgCAM is a more potent
substratum than F11 (Morales et al., 1993). Evaluation of such
cultures with the manual method and with the automatic proce-
dure shows that both reveal the outgrowth-promoting effect of the
molecules and that both lead to the same result, namely, that
NgCAM is a stronger substratum than F11 (Fig. 2). We therefore
conclude that our method is suited to evaluating neurite out-
growth at least as well as the manual method.
F11 enhances FN-induced neurite outgrowth of
retinal cells
Because retinal cells do not extend neurites on F11 (data not
shown) and only poorly on FN, these neurons are well suited to
study synergistic promotion of outgrowth elicited by a mixture of
both proteins. Retinal cells of embryonic day 6 were isolated and
plated on FN alone or on an FN–F11 mixture. On the FN
substrate, a significant neurite outgrowth response is elicited (Fig.
3a). If retinal cells are plated on a mixed substrate of FN and F11,
the number of attached cells is almost indistinguishable from that
on FN alone (Fig. 3c,g). However, the neurite outgrowth response
on the FN–F11 mixture is enhanced if compared with FN alone
(Fig. 3a,e). To quantify this enhancement, the image analysis
procedure that was outlined in detail above (Fig. 1) was applied.
Cell bodies and neurites that had been detected by immunoflu-
orescence analysis (Fig. 3a,e) were identified by application of a
staining intensity threshold and size exclusion criteria (Fig. 3b,f).
In parallel, cell bodies were identified analogously by staining of
their nuclei (Fig. 3c,g). Both images were then processed to
identify the neurites (Fig. 3d,h) and to estimate their number and
length by applying the stringent criteria outlined in Figure 1.
To compare the neurite outgrowth-promoting effect of FN and
the FN–F11 mixture, 10 different images were evaluated by the
image analysis procedure for each experimental condition. For
each image the number of attached cells, the number of observed
neurites, and the sum of the lengths of these neurites were
determined to estimate the number of neurites per cell and the
average length of neurites per cell. In a typical experiment, the
average number of cells attached to the FN substrate is not
significantly different from that on an FN–F11 mixture (Fig. 4a,
open bar, filled bar). However, the neurite outgrowth response is
enhanced in the presence of F11 (Fig. 4b,c). Mixing of FN with an
equal amount of the biochemically similar control protein IgY did
not modulate the outgrowth-promoting effect of FN (Fig. 4, open
bars, hatched bars).
The F11 protein used in the previous experiment was isolated
from embryonic chick brain by immunoaffinity chromatography
as outlined previously (Rathjen et al., 1987). To demonstrate that
the enhancement effect is specific for F11 and not caused by
potential contaminants in the F11 preparation, the experiment
was repeated in the presence of F11-specific antibodies. Incuba-
tion of substrate spots with polyclonal F11-specific antibodies
before addition of neurons did not interfere significantly with cell
adhesion to FN–IgY or to FN–F11 (Fig. 5a). This shows that they
have no unspecific toxic effect and confirms that F11 in the
FN–F11 mixture does not contribute significantly to cell adhesion
under these conditions. However, the antibodies were found to
neutralize the F11-mediated enhancement of neurite outgrowth
and to reduce it to the level observed with FN–IgY alone (Fig.
5b,c).
As a further specificity control, recombinant F11, which was
heterologously expressed in eukaryotic cells, was also tested. To
express soluble recombinant F11 in COS cells, the C-terminal
hydrophobic stretch involved in the posttranslational attachment
of the GPI anchor was deleted on the cDNA level in a eukaryotic
F11 expression plasmid. Recombinant F11 was isolated from
tissue culture supernatants by immunoaffinity chromatography
using a monoclonal antibody (Rathjen et al., 1987). It has an
apparent molecular mass of 135 kDa (Fig. 6b,e), ;5 kDa larger
than F11 isolated from brain (Fig. 6a,d) which may be caused by
aberrant glycosylation in the COS cells. A comparison of recom-
binant soluble F11 with embryonic chick brain F11 showed that
identical amounts of both preparations enhance retinal neuron
outgrowth to a similar extent (Fig. 5e,f) but do not affect cell
adhesion (Fig. 5d). In conclusion, the enhancement of retinal
neuron outgrowth can be inhibited by F11-specific antibodies and
can also be observed if recombinant F11 is analyzed in the assay.
Taken together, we showed that the addition of F11 to an FN
substrate did not affect retinal cell attachment to FN but en-
hanced retinal neuron outgrowth on this substrate.
The enhancement of retinal neurite outgrowth is
mediated by neuronal NrCAM
The enhancement of retinal neuron outgrowth, which is triggered
by F11 in the FN–F11 substrate, is likely to be mediated by a
receptor on the retinal neurons. The two similar IgSF cell surface
Figure 2. Comparison of methods to evaluate neurite outgrowth. Neu-
rite extension of tectal neurons on immobilized F11 was compared with
that on immobilized NgCAM. A manual evaluation, which was performed
as described (Bru¨mmendorf et al., 1993; Morales et al., 1993), determines
the percentage of neurons with neurites longer than a given length (a).
The automatic procedure, which is illustrated in Figure 1, estimates the
number of adhered cells (b), the number of neurites per cell (c), and their
average length (d). Each histogram bar represents the average of 10
values and their SDs (error bars) derived from 10 distinct images cap-
tured in a stereotyped layout: three in the upper third, four in the middle,
and three in the lower third of each protein spot. For each parameter,
arbitrary units are given at the ordinates, rather than real values. **Sta-
tistical significance of the difference (Mann–Whitney U test, p , 0.001).
Both methods show that NgCAM is a better substrate than F11.
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molecules NgCAM and NrCAM are expressed on retinal neurons
(Morales et al., 1996) (and on other neurons) and have been
demonstrated in previous studies to interact with F11 (Bru¨m-
menorf et al., 1993; Morales et al., 1993). Whereas NrCAM has
been shown to represent an axonal receptor mediating neurite
outgrowth of tectal cells by interaction with F11 (Morales et al.,
1993), the biological function of the F11–NgCAM interaction is
currently unknown. We therefore investigated whether NgCAM
or NrCAM is involved in the F11-mediated enhancement of
FN-dependent neurite outgrowth. To this end, retinal cells were
cultured in the presence of Fab fragments of NgCAM- or
NrCAM-specific antibodies.
Fab fragments of NgCAM-specific antibodies were not found
to interfere with attachment of retinal cells to FN–IgY or FN–
F11 substrates (Fig. 7a), indicating that they have no nonspecific
toxic effect. Furthermore, addition of the Fab fragments to the
culture medium of cells grown on an FN–F11 substrate did not
neutralize the F11-mediated enhancement of neurite outgrowth
(Fig. 7b,c). We therefore conclude that NgCAM is unlikely to be
involved in the enhancement effect.
To test whether NrCAM is the F11-binding molecule on the E6
retinal neurons, Fab fragments of NrCAM-specific antibodies
were tested and were not found to interfere with the cell attach-
ment to FN–IgY or FN–F11 substrate (Fig. 7d), which demon-
strates that they are not toxic for the neurons. Interestingly and in
contrast to the finding concerning NgCAM, the antibodies di-
rected to NrCAM neutralized the F11-mediated enhancement of
neurite outgrowth and reduced it to the level observed with FN
alone (Fig. 7e,f).
Taken together, our data suggest that F11-triggered enhance-
ment of retinal neuron outgrowth is mediated by the neuronal
F11 receptor NrCAM but not by NgCAM, a related F11-binding
molecule that is also expressed by these neurons.
Involvement of b1-integrins in retinal neurite outgrowth
It has been shown previously that FN is an outgrowth-promoting
substratum for E6 retinal cells (Akers et al., 1981; Thompson and
Pelto, 1982; Leifer et al., 1984). As we have shown above, FN
promotes weak but significant outgrowth if offered alone as a
substrate but promotes increased outgrowth if coated together
with F11. Because FN is known to bind a large set of different
integrins, it is very likely that attachment and basal neurite
outgrowth is mediated by one of these adhesion receptors. We
therefore studied a putative cooperation of integrin signaling
with the NrCAM pathway in more detail. As a first step to
analyze which integrin(s) might be involved, we examined the
effect of an mAb that blocks b1-integrin function (Greve and
Gottlieb, 1982), and we also tested a peptide that competitively
blocks integrin binding to the RGD motif within FN (Main et al.,
1992, and references therein).
Addition of functionally saturating amounts of mAb JG22,
which interferes with b1-integrin binding (Greve and Gottlieb,
1982), leads to a substantial reduction of the number of attached
cells, both on FN and on the FN–F11 substrate (Fig. 7g). The
subpopulation of attached cells, which is supposed to bind to FN
in a b1-integrin independent manner, shows FN-dependent basal
neurite outgrowth. However, these cells did not respond to F11 in
the FN–F11 substrate by enhancement of outgrowth (Fig. 7h,i).
This suggests that a b1-integrin may contribute to the F11-
mediated enhancement of outgrowth in the mixed substrate.
To get a first clue to which b1-integrin may be involved, we
took advantage of observations that FN binding of some b1-
integrins is dependent on the RGD site within FN, and that of
others is not. To inactivate all RGD-dependent integrins, func-
tionally saturating amounts of the peptide GRGDSP were added
to the culture medium. Similar to the effect of the JG22 antibody,
this leads to a significantly decreased number of cells bound to
both substrates (Fig. 7k). Although basal, FN-dependent neurite
outgrowth on FN alone was almost abolished in the presence of
the peptide, it reduced the enhanced outgrowth on the FN–F11
Figure 3. Enhancement of FN-based retinal neurite outgrowth by F11.
Retinal cells of embryonic day 6 were cultured for 20 hr on FN alone (lef t
column) or on a mixture of FN and F11 (right column). Cells and neurites
were identified by immunofluorescence analysis using NCAM-specific
antibodies, and cellular nuclei were identified by bisbenzimide staining.
The first row shows immunofluorescence micrographs, and the second
through fourth rows show objects that have been processed by the image
analysis procedure outlined in detail in Figure 1. In the second row cells
and neurites are depicted; in the third row, the cellular nuclei; and in the
fourth row, the identified neurites. Scale bar, 100 mm.
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substrate only weakly and nonsignificantly (Fig. 7l,m). Therefore,
in contrast to the effect of mAb JG22, the RGD peptide does not
appear to interfere significantly with the F11-mediated enhance-
ment of neurite outgrowth.
One possible interpretation of these findings might be that a
b1-integrin that seems to interact with FN at a site distinct of its
RGD site (a potential candidate may be integrin a4b1 ; see Dis-
cussion) cooperates functionally with the NrCAM-dependent sig-
naling pathway in neurite outgrowth promotion.
DISCUSSION
Evaluation of neurite outgrowth by an automatic image
analysis procedure
Analysis of multiple variables affecting neurite outgrowth and
detection of subtle modulatory effects requires the quantification
of outgrowth from a large number of neurons. In the present
study, we introduce an automatic procedure to analyze hundreds
of neurons in vitro for each experimental condition to determine
parameters reflecting the number of analyzed cells, the number of
neurites, and their length. Neurite outgrowth was quantified by
two criteria, the average number of neurites per cell and the
average length of neurites per cell. Both criteria were found to be
correlated and to be equally suited to describe neurite outgrowth
in the present study under all experimental conditions. Compar-
ison of this novel procedure with a manual method that we have
used previously to quantify tectal neurite outgrowth (Morales et
al., 1993) confirmed that application of both methods leads to the
same conclusion, namely, that NgCAM is a more favorable sub-
stratum for tectal neurons than F11 (Fig. 2).
In an attempt to analyze as many neurons as possible, we used
a higher cell density of retinal neurons in the present study than
we did previously with tectal neurons. Therefore, in our auto-
matic procedure, we are more conservative and underestimate
neurite outgrowth for two reasons. First, fasciculated neurites
cannot be distinguished from single isolated neurites. This is
attributable to the process of eroding to a single pixel width (Fig.
1), which is done before the neurites are measured and leads to an
underestimation of the number of neurites. Second, growing
neurites are more likely to encounter other neurons than in the
low-density cultures used previously. Therefore the very long
neurites are undetectable, which leads to an underestimation of
neurite length. The cultures of retinal cells analyzed in this study
contained a variable number of single cells and cell aggregates,
which differed between distinct preparations of retinal cells and
which were also dependent on the cell density at the time of
Figure 4. F11 enhances FN-dependent neurite outgrowth of retinal ganglion cells. Retinal cells were cultured on FN alone, on an FN–IgY mixture,
or on an FN–F11 mixture. Cultures were evaluated, and data are presented as outlined in the legend of Figure 2. The average number of attached cells
is indistinguishable on the three substrates ( a). If F11 is added to FN before coating, the average number of neurites per cell ( b) and the average length
of neurites per cell ( c) are larger ( filled bars) on this mixture than on FN alone (open bars). By contrast, substitution of F11 by an equal amount of IgY
(hatched bars) did not enhance the outgrowth response of retinal neurons. Data from one representative experiment of at least four independent
experiments are depicted. **Statistical significance of the difference (Mann–Whitney U test, p , 0.001).
Figure 5. F11-induced enhancement of neurite outgrowth can be inhibited
by F11-specific antibodies and can also be observed if recombinant F11 is
analyzed. Retinal cells were cultured on an FN–IgY mixture and on an
FN–F11 mixture in the presence or absence of polyclonal F11-specific
antibodies. Cultures were evaluated, and data are presented as outlined in
the legend of Figure 2. The number of substrate-bound cells was indistin-
guishable on both substrates and was not influenced by the application of
the antibodies (a). On the FN–IgY substratum the antibodies did not
interfere with the average number of neurites per cell ( b) and the average
length of neurites per cell (c). However, the antibody neutralized the
outgrowth-promoting effect mediated by F11 contained in the FN–F11
substratum (b, c). In another set of experiments, the outgrowth-promoting
effect of soluble recombinant F11, expressed in eukaryotic cells, was eval-
uated. Two different preparations of recombinant F11 were found to
enhance neurite outgrowth to a similar extent as F11 isolated from embry-
onic chick brain (d–f ). Data from one representative experiment of at least
four independent experiments are depicted. **Statistical significance of the
difference (Mann–Whitney U test, p , 0.001).
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plating. To avoid an influence of the total cell numbers and the
size distribution of the aggregates to the outcome of the analyses,
only data obtained in one single experiment were compared with
each other, and data of consecutive experiments have not been
pooled.
The main advantage of our approach is that any bias that might
be introduced by the investigator (if neurites have to be chosen by
eye and labeled manually for processing) can be excluded. Be-
cause a large number of neurons can be evaluated, subtle modu-
latory effects on neurite outgrowth can be revealed with this
method, which therefore might facilitate future studies to eluci-
date signal transduction mechanisms leading to neurite extension.
NrCAM and NgCAM as receptors involved in
neurite outgrowth
In the present study we provided strong evidence that NrCAM on
retinal neurons mediates F11-triggered enhancement of FN-
induced neurite outgrowth, either as a receptor or as component
of a receptor complex. Therefore, the NrCAM molecule plays the
role of a receptor in F11-induced neurite outgrowth of two
distinct types of neurons, namely, retinal neurons (this study) and
tectal neurons, as shown previously (Morales et al., 1993).
Whereas in the tectal system, F11 alone is sufficient to promote
significant outgrowth, this is not the case for the retinal neurons,
which neither adhere significantly to F11 nor extend neurites
under the same conditions (data not shown). Therefore, F11
seems to modulate outgrowth of different types of neurons dif-
ferentially, suggesting that it may be a component of a complex
system of neuronal cell surface molecules that regulate neuronal
outgrowth during development.
Our approach does not allow us to distinguish between cis and
trans interactions of F11 and NrCAM, because the F11 molecule
is most likely bound to the substratum in random orientations.
Therefore, concerning the retina, our model may reflect an in vivo
interaction of NrCAM with F11 in the same cell membrane, with
released F11 in the ECM or with F11 on the opposing cell
membrane. A related situation has been analyzed recently in
another cellular context, namely, outgrowth of dorsal root gan-
glion neurons. These cells extend neurites on immobilized
NgCAM (Kuhn et al., 1991), and it has been demonstrated that
this response is dependent on a cis cooperation of neuronal
NgCAM with neuronal axonin-1 (Buchstaller et al., 1996; Sto-
eckli et al., 1996). Because axonin-1 is related to F11 (Plagge and
Bru¨mmendorf, 1997), and NgCAM is similar to NrCAM (Grumet
and Sakurai, 1996), F11 and NrCAM may also bind in a cis
configuration. Accordingly, recent co-precipitation studies using
transfected COS cells showed that F11 and NrCAM may form a
cis complex at the cell surface (Sakurai et al., 1997), implicated in
neurite outgrowth induced by receptor protein tyrosine phos-
phatase b/z on glia (Peles et al., 1995).
Binding to F11 is not the only heterophilic molecular interac-
tion that has been characterized for the NrCAM protein, which
also binds homophilically (Mauro et al., 1992). Recently, NrCAM
has been demonstrated to bind to the L1-related molecule neu-
rofascin (Volkmer et al., 1996) and to the F11-related protein
axonin-1 (Suter et al., 1995). Whereas the NrCAM–neurofascin
interaction has been identified in the context of tectal neurite
outgrowth, the axonin-1 binding has been functionally implicated
in axonal guidance in the developing spinal cord (Stoeckli and
Landmesser, 1995).
In contrast to the functional role of the F11–NrCAM interac-
tion in neurite outgrowth, the significance of the F11–NgCAM
interaction is currently unknown. We therefore examined in this
study whether NgCAM could play a role in F11-enhanced retinal
neuron outgrowth, but we could not provide evidence for involve-
ment of this molecule (Fig. 7a–c). One possible reason for this
may be that binding of NgCAM on the neuronal membrane to
substrate-bound F11 does not elicit a signal or may be undetect-
able. Binding of F11 to NgCAM has been shown using NgCAM-
coated covaspheres, on which the molecule is most likely immo-
bilized in random orientations (Bru¨mmendorf et al., 1993). It is
conceivable that membrane-bound NgCAM may be in a confor-
mation that is incompetent for F11 binding. In principle this
would be similar to cell surface-anchored axonin-1, which has
been shown to exist in a horseshoe-like conformation with a
buried ligand-binding site (Rader et al., 1996). Further experi-
ments are needed to understand the impact of molecular confor-
mations on the F11–NgCAM interaction.
Cooperativity between different outgrowth-mediating
receptor systems
Because the size of the vertebrate genome is to small to encode
all types of cellular interactions in neurohistogenesis by distinct
receptor–ligand pairs, any combinatorial principle of cell surface
labeling is of great conceptual interest. In the present experi-
ments we provided evidence of cooperativity between two differ-
ent receptor systems on retinal neurons, namely, integrins and
IgSF molecules, with respect to neurite outgrowth. Our data
suggest that the retinal neuron outgrowth response is based on
stimulation of neuronal integrins by FN and enhanced by trig-
Figure 6. Characterization of heterologously expressed soluble F11.
Soluble F11 that was isolated from culture supernatants of transfected
COS cells by immunoaffinity chromatography was characterized by SDS-
PAGE followed by silver staining (a–c) or Western blot analysis with an
F11-specific monoclonal antibody (d–f ). F11 isolated from chick brain (a,
600 ng; d, 120 ng) is compared with recombinant soluble F11 (b, 1.6 mg;
e, 320 ng). The latter contains a 53 kDa contaminant (b), which is
unrelated to F11 ( e) and which is also found in preparations of other
recombinant proteins isolated from tissue culture supernatants, for in-
stance, the 23 kDa DiFc protein (c, 3.2 mg; f, 640 ng), which consists of two
IgG Fc domains (our unpublished data). Because preparations of the
DiFc protein did not enhance neurite outgrowth of retinal neurons on FN
(data not shown), suggesting that the 53 kDa protein does not interfere
with aspects of this study, we did not attempt to separate the contaminant
from recombinant F11.
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gering of neuronal NrCAM by F11. Similar cooperative effects
have been reported recently for other molecules involved in
neurite outgrowth. Concerning retinal neurons, it has been dem-
onstrated that purified NgCAM strongly promotes outgrowth, but
purified NrCAM does not. However, if both are mixed, a syner-
gistic growth-promoting effect is observed (Morales et al., 1996).
A synergistic response has also been observed for NCAM and
N-cadherin in a system in which neurite outgrowth of cerebellar
neurons has been examined on a substrate of transfected fibro-
blasts (Doherty et al., 1991). Similarly, tectal neurons respond to
F11 and not to the ECM protein tenascin-R (restrictin), but if
both are combined, the F11 response is enhanced by tenascin-R
(No¨renberg et al., 1995). One possible explanation for these
observations may be that two distinct receptor systems are trig-
gered in these experimental paradigms. This would be similar to
a model proposed for the TAG-1-induced outgrowth of dorsal
root ganglion cells, which implicated an L1-like molecule and
b1-integrins as receptors (Felsenfeld et al., 1994).
Enhancement of b1-integrin-mediated outgrowth of
retinal neurons by F11-binding to NrCAM
We have shown that F11-triggered enhancement of FN-
dependent retinal neurite outgrowth can be blocked by an mAb
that interferes with b1-integrin function. There are two interpre-
tations that can be offered for these findings.
In our model, which is shown in Figure 8, a functional coop-
eration of the b1-integrin pathway and the NrCAM pathway is
proposed. In the absence of any antibody, retinal neurons attach
Figure 7. Perturbation of F11-induced enhancement of neu-
rite outgrowth by different reagents. Retinal cells were cul-
tured on an FN–IgY or an FN–F11 substrate in the presence
or absence of polyclonal NgCAM-specific Fab fragments (a–
c), NrCAM-specific Fab fragments (d–f ), a b1-integrin-
specific mAb ( g–i), or GRGDSP peptides (k–m). Cultures
were evaluated, and data are presented as outlined in the
legend of Figure 2. Data from one representative experiment
of at least three independent experiments are shown. **Sta-
tistical significance of the difference (Mann–Whitney U test,
p , 0.001). The number of substrate-bound cells was not
influenced by application of the NrCAM or NgCAM antibod-
ies (a, d). On the FN–IgY substratum, neither the NgCAM
antibodies (b, c) nor the NrCAM antibodies (e, f ) interfered
with the average number of neurites per cell (b, e) or the
average length of neurites per cell (c, f ). On the FN–F11
substratum, the NgCAM antibodies also did not interfere
with the F11-induced enhancement of outgrowth (b, c). By
contrast, the NrCAM-specific antibodies reduced outgrowth to
the FN-dependent level (e, f ). The b1-integrin antibody (g)
and the GRGDSP peptide (k) interfere significantly with cell
attachment on both substrates. Although the antibody did not
reduce FN-dependent basal neurite outgrowth (h, i), the pep-
tide strongly decreased outgrowth on the FN substrate (l, m).
In the presence of the antibody, the subpopulation of attached
cells does not respond to F11 in the FN–F11 substrate but
shows only FN-dependent basal outgrowth (h, i). By contrast,
the cells that are attached in the presence of the peptide show
F11-mediated enhancement of outgrowth, which is not signif-
icantly different ( p . 0.001) from that in the absence of the
peptide (l, m).
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to an FN substrate via a b1-integrin and/or a non-b1-integrin,
which promotes basal neurite outgrowth (Figs. 7g–i, 8a). If the
cells are plated on an FN–F11 substrate, the mechanism of
attachment is the same, but triggering of NrCAM by F11 leads to
intracellular events that amplify the b1-integrin signal and in-
crease the neurite outgrowth response (Figs. 7h,i, 8b). In the
presence of NrCAM-specific antibodies, cell attachment is un-
changed, and only the basal, FN-dependent, and integrin-
mediated neurite outgrowth is observed (Figs. 7d–f, 8c). If b1-
integrin function is blocked by an mAb, cell adhesion is
decreased, and only a subpopulation of cells is attached (Fig. 7g).
These cells bind to FN in the FN–F11 substrate most likely via
non-b1-integrins and show only the integrin-mediated basal out-
growth (Fig. 7h,i). This suggests that the non-b1-integrins are
unable to cooperate functionally with the NrCAM pathway (Fig.
8d). It is unclear at present which b1-integrin might be involved
in this model, but its identification might be guided by the obser-
vation that it seems to bind FN at a site distinct from the RGD
motif (Fig. 7l,m). One plausible candidate might be integrin a4b1 ,
because it is expressed in the E6 chick retina (Cann et al., 1996),
and it interacts with a C-terminal fragment of FN, a property
shared with retinal neurons (Reichardt et al., 1992). However, the
involvement of the RGD motif within a4b1 ligands is only par-
tially understood at present (Mould et al., 1991; Massia and
Hubbell, 1992; Cardarelli et al., 1994; Sanchez Aparicio et al.,
1994).
Currently, we cannot formally exclude a second explanation for
our data. We observed that even if a functionally saturating
concentration of the b1-blocking mAb is applied, E6 retinal cell
attachment is only reduced to ;50% (Fig. 7g), which is consistent
with the observation that approximately half of E6 retinal cells
express b1-integrins (Cann et al., 1996). This suggests that there
are two populations of cells, one with b1-integrins, which is not
attached in the presence of mAb JG22, and one expressing
non-b1 FN-binding integrins, which is attached. It is conceivable
that only the former population can respond to F11, and there-
fore, F11-induced outgrowth enhancement cannot be observed in
the presence of MAb JG22.
The molecular mechanisms of cooperation between the
NrCAM and the integrin pathway remain uncharacterized. How-
ever, it may be important in this context that NrCAM and other
members of the L1 subgroup that are involved in neurite out-
growth (for review, see Bru¨mmendorf and Rathjen, 1995) bind
ankyrin-like repeats within ankyrins (Davis and Bennett, 1994;
Michaely and Bennett, 1995) and that an ankyrin-like molecule in
Caenorhabditis elegans plays a role in axon guidance (Otsuka et
al., 1995). Recently, b1-integrins have been demonstrated to
associate with integrin-linked kinase, which contains four
ankyrin-like repeats (Hannigan et al., 1996). It remains to be
examined whether L1-like proteins might also associate with this
serine/threonine protein kinase, which would provide a conver-
gence point of the integrin and the L1 subgroup pathways of
neurite outgrowth induction. However, detailed analyses of signal
transduction downstream of L1 argue against an early conver-
gence molecule of integrin- and L1-triggered neurite outgrowth,
because the L1-dependent outgrowth can be inhibited by a set of
agents that does not interfere with integrin-triggered outgrowth
(for review, see Doherty and Walsh, 1996).
Because we used preparations of freshly dissociated whole E6
retinas, cells examined in our study are composed of at least two
cell populations, undifferentiated neuroepithelial precursor cells
and differentiated retinal ganglion cells. We therefore refer to the
cells that extend neurites in our assays as early embryonic retinal
cells, but we assume that most of them represent retinal ganglion
cells (RGCs) for four reasons. First, RGCs are the first differen-
tiating neurons in the retina at E6 (for review, see Mey and
Thanos, 1992). Second, RGCs are the only retinal neurons that
extend long neurites, a selection criterion implemented in our
algorithm (Fig. 1g,h). Third, at this developmental stage of the
retina, RGCs are the only cells expressing the NrCAM receptor
(de la Rosa et al., 1990; Morales et al., 1996), which is involved in
the outgrowth response (Fig. 7e,f). Fourth, RGCs are the only E6
retina cells that express the NgCAM molecule (de la Rosa et al.,
1990; Rager et al., 1996), and analysis of cultures stained with
NgCAM-specific antibodies (rather than NCAM-specific antibod-
ies) leads to essentially the same conclusions concerning F11-
mediated enhancement of outgrowth (data not shown).
Our model of a functional cooperation of integrin- and IgSF-
mediated neurite outgrowth is related to a similar model pro-
posed previously for dorsal root ganglion (DRG) neurons. These
neurons are known to extend neurites in response to axonin-1/
Figure 8. Model of NrCAM-mediated enhancement of b1-integrin-
dependent neurite outgrowth. Retinal ganglion cells attach via non-b1-
integrins (bx ) and b1-integrins to the FN substrate, which promotes weak
neurite outgrowth ( a). If the cells attach via the same integrin(s) to an
FN–F11 substrate, F11 binding to NrCAM triggers unknown intracellu-
lar events, which enhance the outgrowth-promoting effect mediated by
b1-integrins (b). Blocking of NrCAM by an antibody neutralizes the
NrCAM-mediated enhancement (c). In the presence of an anti-b1-mAb,
cells attach via non-b1-integrins (bx ), which stimulate outgrowth weakly.
Because triggering of NrCAM by F11 does not enhance the outgrowth
response in the presence of the mAb, it is suggested that the NrCAM
pathway can only cooperate with b1-integrins, not with non-b1-integrins
(d). Note that under these conditions, the NrCAM–F11 interaction does
not contribute to cell adhesion and is therefore indicated by a dotted line.
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TAG-1 (Kuhn et al., 1991; Stoeckli et al., 1996), a neural IgSF
member structurally related to F11 (Plagge and Bru¨mmendorf,
1997). Neurite outgrowth of these neurons can be inhibited in-
dependently by antibodies specific for b1-integrins or for L1,
suggesting that a neuronal b1-integrin and neuronal L1 may
cooperate in the induction of outgrowth (Felsenfeld et al., 1994).
A striking similarity of the retinal neuron system reported in the
present study and the situation in the DRGs lies in the nature of
the molecules involved, namely NrCAM in the retinal neurons
(Fig. 8) and L1 in the DRGs (Felsenfeld et al., 1994). Because
both are members of the L1 subgroup of neural IgSF molecules,
it is conceivable that other members of this subgroup, such as
neurofascin and CHL1 in mammals, E587 in goldfish, and neu-
roglian in Drosophila (for review, see Bru¨mmendorf and Rathjen,
1995, 1996; Holm et al., 1996), might also cooperate with b1-
integrins in the regulation of neurite outgrowth.
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